Gas chromatography and gas chromatography-flame ionization detector analysis of essential oil of Coriandrum sativum fruit showed a high percentage of linalool (79.22%) γ-terpinene (6.26%), camphor (2.63%), α-pinene (2.32%), geranyl acetate (1.75%), and p-cymene (1.70%). Significant differences in insect mortality were observed within insect species, oil concentrations, and exposure time. Fumigant treatments have shown that three insect mortality rate increased with the increase in essential oils concentration. Complete insect mortality was detected at the highest concentration within 24 h of exposure for the single compound against Tribolium castaneum and Lasioderma serricorne. Probit analysis showed that LC 50 values of coriander essential oil against L. serricorne than Sitophilus oryzae and T. castaneum were 5.25 µL/L air, and 145.49 µL/L air and 276.29 µL/L air, respectively. Among the test compound, linalool demonstrated strong fumigant toxicity against L. serricorne. These result could be important in order to the efficacy of essential oil of coriander and could be potential for use in the insecticidal activities.
Introduction
The most important post-harvest activity is the storage of cereals. During storage most losses occurred due to insect attacks. [1] In general, the insect pests of stored cereals are usually controlled by traditional synthetic insecticides which are currently used to protect stored products and to prevent post-harvest losses. Methods used to control stored grain insect pest included physical, chemical, and biological treatments such as methyl bromide or phosphine. However, methyl bromide was banned in many countries because of its ozone-depleting properties. [2] Several studies have replaced the methyl bromide fumigation for stored product and quarantine uses. It is necessary to reduce the dependence on expensive synthetic pesticides and to change the toxic fumigants by the natural substances, yet were wide acceptance by environmental pollution, health, economical, and beneficial to value. [3] However, many problems are associated with these chemicals, such as toxic residues in the food, worker's safety, insect resistance, and the cost of treatments. [4] On the other hand, the use of synthetic insecticides could offset some of the problems such as environmental contamination and toxicity to living organisms, [5] [6] [7] indicating the necessity to product the natural pesticides that were not hazardous to the human and environment.
Recently, the research focused on plant extracts, especially essential oils, which play an important role in protecting grains against insect infections.
[ [8] [9] [10] [11] Essential oils exhibit various insecticidal properties; they may have a fumigant activity and may also act as repellents [12, 13] Coriandrum sativum L. is one of the most useful essential oil-bearing spices as well as medicinal plants, belonging to the family Apiaceae. The fruit of coriander exhibited various remedy properties, can be used for cooking and for children's digestive upset and diarrhoea; also it has antidiabetogenic, [14] antibacterial, [15, 16] antimicrobial, anti-inflammatory, hypolipidaemic, [17, 18] anticancerous, antimutagenic, [19] and antioxidant effects. [20] The essential oil of coriander exhibited volatile toxicity to stored product insects. Indeed, coriander essential oil can play an important role in stored grain protection and reduce the risks associated with the use of synthetic insecticides and, hence, can become an interesting alternative to conventional chemical control strategies. [21, 22] In this context, López et al. [23] fractionated the essential oil of coriander and tested against three stored rice pests, Sitophilus oryzae, Rhyzopertha dominica, and Cryptolestes pusillus. The result showed the active compound of coriander essential oil against S. oryzae was linalool, while the fractions that contained mixtures of linalool, camphor, and geranyl acetate were as active against R. dominica and C. pusillus as linalool alone. In addition, it can be showed that the fraction reached of camphor (over 400 ppm) was toxic against R. dominica and C. pusillus. Indeed, Islam et al. [21] showed that the coriander essential oil obtained by the fresh aerial parts had fumigant toxicity on Tribolium castaneum adults, larvae, and pupae. So, the aim of this work was to study the insecticidal activity of coriander essential oil and its major compound, linalool, against three stored product insects: T. castaneum, Lasioderma serricorne, and S. oryzae.
Materials and methods

Plant essential oil and chemical
Coriander (C. sativum) fruits were obtained from Korba region [northeast of Tunisia-Nabeul, Northwestern Tunisia; latitude 36°34″38.22″ (N); longitude 10°51″29.63″ (E); altitude 637 m]. Linalool (purity 97%) was obtained from Sigma-Aldrich (Milwaukee, WI, USA). Acetone was purchased from Merck (99.8%).
Essential oil extraction
The coriander fruit (300 g of dry matter) was hydrodistilled for 4 h using a Clevenger apparatus, and the yield of volatile oil was calculated for meal sample. The obtained essential oil was dried over anhydrous sodium sulphate, then stored at 4°C until it is tested and analysed.
Insect rearing
The rust-red flour beetle T. castaneum, S. oryzae, and the cigarette beetle L. serricorne were reared on wheat flour. The rearing conditions were darkness in 25°C ± 1°C and 65% ± 5% [relative humidity (RH)]. Adult insects of mixed sex, 7-14 days old, were used for bioassays tests.
Fumigant toxicity bioassays
To determine the fumigant toxicity of coriander fruit essential oil, 2-cm-diameter filter papers (Whatman No. 1) were impregnated with the tested essential oil doses, calculated to give equivalent fumigant concentrations. The impregnated filter paper was then attached to the screw caps of a 44 mL plexiglas bottle. Caps were screwed tightly on the vials, each of which contained separately 10 adults (1-7 days old) of each species. When no leg or antennal movements were observed, insects were considered dead. The mortality was calculated using the Abbott correction formula. [24] A second experiment was designed to assess 50% lethal doses. A series of dilutions was prepared to evaluate insects' mortality after an initial dose-setting experiment. Essential oil amounts tested on T. castaneum, L. serricorne, and S. oryzae were 0.5, 2, 5, and 25 μL corresponding to concentrations of 12.5, 50, 125, and 625 µl/L air, respectively. Control insects were kept under the same conditions without any essential oil and each dose was replicated three times. The number of dead and alive insects in each bottle was calculated after 1, 6, 12, 18, 24, 30, 36, 40, 48, 64 , and 72 h of exposure. The mortality was evaluated by direct observation of the insects every hour till total mortality. Probit analysis was used to estimate LC 50 and LC 95 values [25] .
Repellent activity
Repellency assays of C. sativum essential oils were carried out according to the experimental method described by Jilani and Saxena [26] at 25°C ± 1°C and 65% ± 5% RH. Whatman filter papers (diameter 8 cm) were cut in half. Test solutions were prepared by dissolving 2.5, 5, 7.5, and 10 µL of coriander essential oil in 1 mL acetone. Each solution was applied to half a filter paper disc as uniformly as possible with a micropipette. The other half of the filter paper was treated with acetone alone as a control. The treated and control half discs were air-dried under a fan to evaporate the solvent completely. Treated and untreated halves were attached to their opposites using adhesive tape and placed in Petri dishes. Twenty adult (7-14 days old) beetles of mixed sex were released at the centre of each filter paper disc. The dishes were then covered and sealed with Parafilm. Finally, the numbers of insects present on both the treated and untreated halves were observed after 1, 3, 5, and 24 h.
Percentage repellency and median repellent dose (RD 50 )
The numbers of total insects (T. castaneum, L. serricorne, and S. oryzae) were registered after different periods of exposure on the treated and untreated portions of the paper. The percentage repellency (PR) was calculated using the following equation [27] :
where Nc is the number of insects on the untreated area after the exposure interval and Nt is the number of insects on the treated area after the exposure interval. Tests were carried out in triplicate. The mean number of insects on the treated portion of the filter paper was compared with the number on the untreated portion.
Gas chromatography-flame ionization detector (GC-FID) analysis
Essential oils were analysed by gas chromatography (GC) using a Hewlett-Packard 6890 apparatus (Agilent Technologies, Palo Alto, CA, USA) equipped with a flame ionization detector (FID) and an electronic pressure control injector. A HP-Innowax capillary column (polyethylene glycol: 30 m × 0.25 mm i.dx·0.25 mm film thickness; Agilent Technologies, Hewlett-Packard, CA, USA) was used; the flow of the carrier gas (N 2 , U) was 1.6 mL/min. Analyses were performed using the following temperature programme: oven isotherm at 35°C during 10 min, from 35°C to 205°C at the rate of 3°C /min, and isotherm at 205°C during 10 min. Injector and detector temperatures were held, respectively, at 250°C and 300°C. Diluted samples of 2.0 µL were injected in the split/splitless mode (60:1 split) mode.
Gas chromatography-mass spectrometry (GC-MS)
Essential oil analysis by GC-MS was performed on an Agilent 7890A GC system, coupled to an Agilent 5972C mass spectroscopy detector with electron impact ionization (70 eV). A HP-5 MS capillary column (30 m × 0.25 mm, coated with 5% phenyl methyl silicone, 95% dimethylpolysiloxane, 0.25 mm film thickness; Hewlett-Packard, CA, USA) was used. The column temperature was programmed to rise from 40°C to 240°C with a 5°C/min rate, the carrier gas was helium N60 with a 0.9 mL/min flow rate; split ratio was 100:1. Scan time and mass range were 1 s and 50-550 m/z, respectively.
The compound identification was based on mass spectra (compared with Wiley Registry 9th Edition/NIST 2011 edition mass spectral library) and by comparison of their Kovats retention indices (Ri) with either those in the literature [28, 29] or with those of authentic compounds available in our laboratories. Kovats retention indices were determined in relation to a homologous series of n-alkanes (C 8 -C 40 ) under the same conditions.
Statistical analysis
One-way ANOVA using Statistica [30] was performed on the data. A Duncan test was applied to the means to detect significant differences of repellency among concentration sand oils at the 0.05% level. Data are presented in tables as means with standard errors. Probit analysis [25] was conducted to estimate median repellent dose (RD 50 ), median lethal concentrations (LC 50 ) with their 95% fiducial limits.
Results and discussion
Essential oil composition
The essential oil yield in coriander fruit was 0.28% (w/w). Our results were thus in accordance with those of Sriti et al., [31] who found that the essential oil yield of coriander mature fruit from Tunisia was 0.32%. Ravi et al. [32] also found that essential oil yield of Indian coriander fruit dropped from 0.18% to 0.39%. The essential oil volatile compounds of coriander fruit are listed in Table 1 . The most constitutes in the essential oil from coriander fruits were found as follows: linalool (79.22%), γ-terpinene (6.26%), camphor (2.63%), α-pinene (2.32%), geranyl acetate, (1.75%) and p-cymene (1.70%). Chemical analysis indicated clearly that linalool was the main component of coriander essential oil. The result of our analysis was in agreement with the other literatures that reported linalool as a major constituent in the essential oil of coriander. [23, [33] [34] [35] Bhuiyan et al. [35] reported that the major compounds in the essential oil of C. sativum in Bangladesh were linalool (37.7%), geranyl acetate (17.6%), and γ-terpinene (14.4%). This variation in essential oil composition can be explained by the maturity stage and environmental factors (temperature, photoperiod, and hygrometry), the analytical methods, and the major effects of geographical and ecological variations among habitats. [36] [37] [38] 
Fumigant activity
The insecticidal activity of coriander essential oil and its major compound, linalool, against T. castaneum, L. serricorne, and S. oryzae was assessed by the fumigation toxicity, and the results are shown in Figs. 1 and 2 . Results indicated that the coriander essential oil was relatively more toxic against T. castaneum, L. serricorne, and S. oryzae (Fig. 1) . The increasing doses of essential oils caused a significant increase in the mortality when the T. castaneum, L. serricorne, and S. oryzae adults were exposed to these oils for 72 h. Percentage mortality of T. castaneum, S. oryzae, and L. serricorne were 66.67%, 70%, and 100%, respectively, at the 625 µL/L air dose after 24 h exposure when exposed to essential oil of coriander and the same dose caused complete mortality (100%) when exposed to linalool against T. castaneum and L. serricorne and 80% against S. oryzae. According to Lopez et al., [23] the coriander essential oil against S. oryzae, R. dominica, and C. pusillus produced on average 56%, 90%, and 100% dead insects after 24 h exposure. Indeed, these authors showed that the active compound of coriander essential oil against S. oryzae was linalool since subfraction contained mixture of linalool and camphor produced on average 63% with 1723 ppm of linalool while the mixture contained of linalool, camphor, and geraniol produced 73% dead insects with 1450 ppm. Although the fraction rich in camphor (over 400 ppm) was very toxic against R. dominica and C. pusillus. In this context, numerous studies showed that some essential oils rich in linalool and camphor compounds had high insecticidal activity against stored products pests. [39] [40] [41] LC 50 and LC 95 values of the essential oil of coriander and its major compound, linalool, tested against T. castaneum than L. serricorne and S. oryzae after 24 h exposure are summarized in There are no previous citations concerning the insecticidal effects of C. sativum fruit essential oil from Tunisia on adults of T. castaneum, S. oryzae, and L. serricorne. In this context, Khani and Rahdari [42] reported that coriander essential oil was more toxic against Callosobruchus maculatus adults (LC 50 = 1.34 μL/L air) than Tribolium confusum (LC 50 = 318.02 μL/L air). Various studies revealed that the insecticidal activity of coriander essential oil can be attributed to its major compound, linalool. [21, 23] Recently, Chung et al. [43] demonstrated that linalool has significant toxic effects against the larvae of Aedes aegypti with an LC 50 value of 21.5 ppm and should play an important role as immunotoxicity on this insect. However, the differences in the response of the insect to the essential oils were related to their major constituent. [22, 39, 44] The variation observed against the toxic difference seems to be reasonable because of different insect species and methodology of oil extraction, as shown in similar experiments with various stored product pests and essential oil vapours. [45, 46] The insecticidal activity of essential oil of many plant contributed for the monoterpenoids through their high volatility, and they have fumigant activity that might be of importance for controlling stored-product insects. [8, 47, 48] The high toxicity of linalool was reported against S. oryzae and R. dominica. [40] Essential oil and their compound for many plants are gaining Figure 2 . Percentage of mortality of Tribolium castaneum, Lasioderma serricorne, and Sitophilus oryzae exposed for various periods of time to essential oil from coriander fruit. increasing interest because of their fumigant action. [49, 50] Indeed, essential oils are active against both adults and larvae and frequently act to inhibit reproduction.
Repellent activity tests
Repellency tests results are shown in Table 3 while Table 4 gives the calculated median repellent dose (RD 50 ) values. Results indicated that the coriander essential oil showed significant pest repellent activity to T. castaneum, S. oryzae, and L. serricorne adults. Repellent action was highly dependent upon oil concentration and exposure time. Essential oil of coriander at 0.39 µL/cm 2 showed the highest repellent activity against L. serricorne adults after the 1 h time interval. PR of coriander essential oil was 75% versus observed at the highest concentration (0.39 µL/cm 2 ) after 1 h of exposure for linalool standards against T. castaneum (Table 3) . Coriander essential exhibited a repellent at the highest concentration (0.39 and 0.29 µL/cm 2 ) against three beetle species but especially after the shorter exposure times (1 and 3 h) . The toxicity of C. sativum oil on T. castaneum, L. serricorne, and S. oryzae was significantly different, as inferred by the confidence intervals of RD 50 (Table 4 ). Probit analysis showed that S. oryzae was more susceptible (RD 50 (Table 4) . In this context, Hori [51] demonstrated the highly repellent effect coriander essential oil against L. serricorne in an olfactometer repellency bioassay system. The superior insecticidal potential of coriander oil could be attributed to a complex interaction among its different constituents: linalool (79.22%); γ-terpinene (6.26%), camphor (2.63%), α-pinene (2.32%), geranyl acetate (1.75%), and p-cymene (1.70%).
Besides, it was shown that the response of essential oil against stored products pests cannot be attributed by the action of their major components only but also a heterogeneous group of complex mixtures of organic substances. [52] Even minor compounds may be involved in the insecticidal activities of the corresponding oils and may have a synergistic effect. In fact, it has been demonstrated that the fumigant activities against R. dominica, T. castaneum, and S. oryzae of nine essential oil compounds revealed 1,8-cineole to be the most effective, followed by camphor and linalool. [40] Indeed, the repellent effects of essential oil of many plants have been reported previously against stored products pests. For example, the essential oil of Adhatoda vasica (Acanthaceae) exhibited repellent activity against S. oryzae and Bruchus chinensis [53] and Acorus calamus essential oil repelled T. castaneum. [26] This confirms the findings of recent studies where reporting the ovicidal, repellent, antifeedant, sterilization, and toxic effects of essential oil and extracts of plant against the insects. [9, 54] 
Conclusion
Results of the present study indicated that C. sativum essential oil has insecticidal property against adults of T. castaneum, S. oryzae, and L. serricorne, which could be mainly attributed to monoterpenoids, compounds that possess insecticidal activity against a range of insect species. Indeed, the higher insecticidal capacity of coriander essential oil could be linked to the presence of linalool. However, the inhibitory activity of the essential oil is the result of a complex interaction among its different constituents, which might produce synergistic or additive effects, even for those present at low concentrations. The bioactivity of coriander fruit essential oil may be attributed to the high concentration of linalool, camphor, and α-pinene. In our study, the results obtained showed good potential for the use of C. sativum oil as both toxicant and repellent agents against stored product pests. For each insect: For each oil and at each exposure time, within-column comparisons were made between percentage repellency of the four tested doses. For each oil and at exposure time, within-row comparisons were made between percentage repellency of the two tested oils for each concentration. Between insects: For each dose and at each exposure time, within-row comparisons were made between percentage repellency of the two tested oils. Values followed by the same capital letter in the columns and small letter in the rows did not share significant differences at 5% (Duncan test). 
